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In this thesis, a catheter design is proposed for endoscopic magnetomotive optical coherence
tomography (MM-OCT). Magnetomotive optical coherence tomography is a novel technique
which uses targeted magnetic contrast agents for contrast enhancement of OCT imaging.
In MM-OCT, microspheres and magnetic nanoparticles (MNPs) are introduced into tissue
and an electromagnet is used to generate a small modulated magnetic field within the tissue
during OCT imaging. The magnetic field will introduce mechanical displacement of the
MNPs, which can be detected, and the MM-OCT signal can be measured. The current
bench-top set-up does not allow for in vivo MM-OCT imaging because the magnetic field is
provide by a solenoid with an outer diameter of ∼18 mm and an axial thickness of ∼9 mm. A
magnetomotive catheter design was developed by wrapping small coil around the distal end
of a standard OCT catheter to combine the novel MM-OCT technology and catheter-based
OCT. The coil has a small size while providing a local magnetic field for MM-OCT imaging.
This magnetomotive catheter will enable investigations of in vivo magnetomotive contrast
enhancement from the magnetic agents used in MM-OCT imaging.
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Chapter 1
Introduction
1.1 Overview
Optical coherence tomography (OCT) is an emerging imaging modality in biomedical imag-
ing [1]. Being a noninvasive imaging technique that has micron-scale resolution, OCT has
been demonstrated in a wide range of medical and biological applications. Also, OCT has
been performed at real-time image acquisition rates, which makes it a unique technique
among biomedical imaging methods such as X-ray computed tomography (CT), nuclear
medicine, and magnetic resonance imaging (MRI).
OCT is a noninvasive technique based on optical ranging, and it is an extension from
optical coherence domain reflectometry (OCDR) [2]. OCT is analogous to B-mode ultra-
sound imaging [3]. Both operate by transmitting waves into a sample and measuring the
reflections. Instead of using ultrasonic sound waves, OCT performs cross-sectional imaging
by measuring the backscattered light as a function of time delay. Cross-sectional images are
obtained by performing multiple axial measurements of reflection time delay (A-Scans) and
scanning the incident optical beam transversely. Volumetric data sets can be generated by
acquiring sequential cross-section images.
A challenging problem of OCT imaging is the relatively small imaging depth because
of optical scattering. To perform OCT imaging of internal organ systems, an endoscopic
catheter delivery system was developed [4]. Recently, magnetomotive contrast agents have
been developed for in vivo OCT [5, 6].
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1.2 OCT Applications
As a high-resolution and real-time imaging modality, OCT has a wide range of clinical and
research applications [7]. OCT has been extensively applied in ophthalmology to image
transparent structures tomographically in the eye with unprecedented resolution. Moreover,
in vitro studies have demonstrated that OCT can image the architectural morphology in
tissues that are highly scattering such as human skin and muscle. As the technology has
developed, OCT applications have been extended to many areas such as gastrointestinal tract
[8], cardiovascular system [9], cancer imaging [10] and other non-biological areas [11, 12].
Also, in situ and in vivo OCT imaging on biological tissue have been performed, which
makes OCT a potential useful clinical method for optical pathology.
With the use of OCT fiber based instruments, a catheter-endoscope was developed for
applications of OCT for imaging internal organ systems, and which is capable of delivering,
focusing, and collecting a single spatial-mode optical beam [4]. A standard OCT catheter is
flexible and has a small diameter to facilitate its entry into internal channels such as coronary
arteries that have inner diameters of ∼1 mm. The OCT catheter consists of an optical
coupling element at its proximal end, a single-mode fiber running the length of the catheter,
and optical focusing and beam directing elements at the distal end. The catheter is designed
to either scan the beam in a circumferential or linear pattern to image cross-sectionally
through the vessel or other biological structure into which it is inserted. The design allows
one to perform OCT imaging in areas of the body that were previously considered to be
inaccessbile. For example, the small size of an OCT catheter enables gastrointestinal tract
and cardiovascular imaging.
Recently there has been much interest in the development of contrast agents and contrast
mechanism appropriate for molecular contrast in OCT. Prof. Boppart’s research group has
been a leader at developing molecular imaging contrast agents and techniques that are
amenable to the unique requirements of OCT [13]. One type of agent, from the large
2
number of agents developed, is based on magnetomotive properties. Magnetomotive OCT
(MM-OCT) uses magnetically-responsive nano- or micro-particles as passive or targeted
contrast agents on cells or tissues [5, 6]. A small external magnetic field is applied using
a small solenoid coil to the local region where OCT signals are being acquired, with the
imaging beam passing through the bore of the coil. By altering the applied magnetic field
through a series of pulse sequences, induced magnetomotion of the scattering particles and
the surrounding microenvironment is detected using OCT. The magnetic contrast agents can
greatly enhance the biomedical utility of OCT. Two of the key issues with the utilization of
MM-OCT for intravascular applications are that the solenoid coil can only generate a local
field with limited imaging depth.
Modifications to OCT catheter designs will be necessary to perform intravascular MM-
OCT. The use of a MM-OCT catheter is to provide a small localized modulated magnetic
field and gradient to perform MM-OCT imaging of magnetic nanoparticles and microspheres
intraluminally and intravascularly.
1.3 Statement of Work
Presented here is a design and development of a magnetomotive catheter which combines
the advantages of a standard OCT catheter and MM-OCT. In the design, a coil is wrapped
on the distal end of a standard OCT catheter with high gauge magnet wire, and the coil will
generate a local magnetic field and gradient that are strong enough to induce the MM-OCT
signal while keep the heat dissipation within a safe limit.
Computer modeling simulations were first used to engineer the design of a MM-OCT
catheter, given the physical parameters of catheter size, wire gauge, number of windings,
current carrying capacity, and heat generation, to predict the expected magnetic field lines,
field gradients, and field strengths at the location of the optical focus of the OCT catheter.
Based on these parameters and simulations, coils were constructed that can deliver the
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small fields and gradients that have previously been used to generate the MM-OCT images.
The magnetic fields around the coils are experimentally measured. The results were com-
pared with the simulation. MM-OCT imaging on phantoms were performed with the coils,
and the future steps for system implementation of the MM-OCT are also discussed.
4
Chapter 2
Magnetomotive OCT
2.1 Historical Introduction
Before introducing the OCT and MM-OCT theory, a brief review of the history of optical
coherence theory is presented.
The phenomenon of interference, the colors exhibited by thin films known as the famous
“Newton’s rings”, was discovered by Robert Boyle and Robert Hooke in the 17th century.
Issac Newton devised several experiments in the study of light and discovered evidence of
the periodicity of light. Newton found correlations between length of period, color of light,
and refractive index [14].
In early 19th century, Thomas Young provided new insight into the properties of light
[15]. His famous experiment consisted of two pinholes illuminated by light from a single
pinhole. He found that if two beams of light of the same color from two different sources are
brought to within a near zero path of each other, then they may find themselves in phase
and producing bright fringes, and an instant later out of phase and producing darkness at
one moment. The same happens for light from two different points of the same source and
for light coming from a single point but at different instants in time. This demonstrated two
beams capable of interfering, and these interfering beams are described as being coherent.
In 1882, Michelson studied the limits of interference visibility by using an interferometer
to introduce long path differences on a monochromatic light. The Michelson interferometer
is also used to measure the echo time delay of the reflected light in OCT.
A more detailed description of the interference of coherent light can be found in [16] and [17].
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2.2 OCT Theory
Based on a Michelson interferometer, OCT is an imaging technology which can image the
cross section of highly scattering tissues. Figure 2.1 shows the schematic of a typical OCT
system with a Michelson interferometer.
Figure 2.1: Layout of a typical OCT system.
With a fiber coupler (beam splitter for free space), the Michelson interferometer separates
the beam from a low-coherence broadband light source into two arms, a sample arm and a
reference arm. The light traveling in the reference arm is reflected back to the fiber coupler
by a reference mirror. The light traveling in the sample arm is reflected back by a scattering
sample. The two reflected beams travel back to the fiber coupler, where they will generate a
cross-correlation signal envelope if their optical path lengths match to within the coherence
length Lc of the source. The coherence length Lc is a measure of the full width at half
maximum (FWHM) of the signal envelope (Fig. 2.2).
If one assumes that the two reflected fields interfere with intensities IR and IS respectively,
6
Figure 2.2: Interferogram of a low-coherence light source. Lc is the coherence length of the
source.
then the average intensity at the interferometer is
I = IR + IS +GSR(4t). (2.1)
The mutual coherence function of two light waves UR (reference wave) and US (sample wave)
can be represented by a second-order cross-correlation function of time delay τ between the
two waves:
GSR(τ) = 〈U∗S(t)UR(t+ τ)〉 (2.2)
In Equation (2.1), GSR(4t) represents the optical interference and is defined as
GSR(4t) = 2(IRIS)1/2 |γSR(4t) cos(φ)| (2.3)
where γSR(4t) is the complex degree of coherence of the two waves, and φ is the phase
delay. For two coherent waves, |γSR(4t)| is real so that GSR can be measured. For perfectly
incoherent waves |γSR(4t)| equals to 0 and there is no interference.
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Micrometer-scale measurements can be performed in magnitude and distance of optical
scattering within the tissue by detecting the interference signal formed by the backscattered
light from each arm. The light beam in the sample arm can be scanned across the sample
while recording the axial reflectance profiles at each tranverse position to obtain 2-D cross
sectional images. The resulting cross-sectional gray-scale image corresponds to the optical
backscattering of the tissue. Figure 2.3 shows an OCT image of a human finger.
Figure 2.3: OCT image of finger skin.
Micrometer-scale image resolution is a very important advantage of OCT imaging. The
axial resolution can be defined as the coherence length of the source Lc, which can be written
as
Lc =
2 ln 2
npi
λ20
4λ (2.4)
where n is the refractive index of the sample, λ0 is the central wavelength of Gaussian source
spectrum and 4λ is the FWHM bandwidth of Gaussian source spectrum. Equation (2.4)
implies that to achieve finer axial resolution, either shorter wavelengths or a broad bandwidth
power spectrum is needed. For instance, an OCT system with a Ti:Sapphire laser source with
a central wavelength of 800 nm and FWHM bandwidth of 100 nm has an axial resolution of
about 2.8 µm (in air).
The transverse resolution can be defined by the spot size of the sample beam which is
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determined by the objective lens in the sample arm. It can be written as
2w0 =
4fλ0
piD
(2.5)
where 2w0 is the spot diameter of the beam, f is the focal length of the sample arm objective
lens and D is the beam diameter incident onto the sample.
The depth of field b can be written as
b =
2piw20
λ0
(2.6)
From the equations above one can observe that the use of a shorter wavelength to improve
axial resolution is not preferred since shorter wavelengths do not penetrate as well and scatter
more than longer wavelengths in tissue. Also, there is a tradeoff between the transverse
resolution and the depth of field. This tradeoff may be solved numerically [18].
The early OCT systems were mainly time-domian OCT (TD-OCT) systems. In TD-
OCT, the reference arm mirror has to be moved to change the path length between the
two arms. By using spectral-domain OCT (SD-OCT or Fourier-domain OCT), a much
higher stability and acquisition speed can be achieved. Instead of physically moving the
mirror, SD-OCT has a fixed mirror in the reference arm and uses a spectrometer as a
detector. The structural information of the sample is obtained in the spatially-encoded
frequency components of the detected OCT signal and reconstructed using the inverse Fourier
transform [19]. Even higher acquisition speed can be achieved by swept-source OCT (SS-
OCT) [20].
Signal to noise ratio (SNR) is another important factor for OCT images. SNR of an OCT
system can be defined as the ratio of the signal power generated by a perfectly reflecting
mirror to the variance of the noise of the system. SNR can be measured by measuring the
peak signal from a mirror placed in the sample arm and dividing by the variance of the
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signal when the sample arm is blocked. The SNR of a typical TD-OCT system is ∼110 dB,
which is exceptionally high compared with other imaging modalities.
OCT has been used in a large number of different applications in the medical field, in
which the sample sizes and sample regions are different [7]. An OCT system has the ability
to interchange its beam delivery instruments corresponding to different applications. Several
beam delivery instruments have been introduced. For example, compact imaging probes have
been developed for various OCT applications [21]. Imaging needles have been developed for
OCT imaging in solid tissue that cannot be imaged from the outside [22].
OCT catheters have been developed for several medical applications such as imaging of
the vascular system, the urinary, gastrointestinal, and respiratory tracts. OCT catheters
are flexible and with small diameter (<1 mm) so that they can be inserted into lumina
allowing imaging of structures that were previously inaccessible. OCT catheters deliver,
focus, scan and collect a single spatial-mode optical beam. Catheters deliver a focused beam
that exits perpendicular to the long axis, and uses a gradient-index (GRIN) lens or GRIN
fiber to focus the light. Data sampling can be achieved by translating the device forward or
backwards, and can also be carried out with a motor drive for rotating the catheter along
its long axis. Figure 2.4 shows the schematic of the distal and proximal ends of an OCT
catheter [4]. OCT catheters are now routinely made and commercially available including
an OCT balloon imaging catheter [23].
Non-invasive, high resolution, and real-time imaging are the main advantages of OCT.
The imaging depth of OCT is only ∼2 mm for a variety of tissues at wavelength between
800 and 1300 nm, which is mainly limited by optical scattering [24]. With an OCT catheter,
the internal tissues can be accessed and OCT imaging can be performed locally.
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Figure 2.4: OCT catheter schematic. Adapted from [4]
2.3 Magnetomotive OCT
Several biomedical imaging modalities, such as OCT [13], MRI [25], nuclear medicine (PET
and SPECT) [26] and photo-acoustic imaging [27] have been used to image nanoprobes
as contrast agents. Magnetomotive OCT (MM-OCT) is a novel technology developed in
Prof. Stephen Boppart’s group for imaging distributions of magnetic molecular imaging
agents in biological specimens [5, 28]. In MM-OCT, a modulated magnetic field induces
motion of magnetic particles. The motion of the particles modify the amplitude and phase
of the OCT interferogram. MM-OCT imaging provides a promising way of tracking mag-
netic agents on the microscale. With agents designed to target cells and disease with high
specificity, MM-OCT can be utilized as a molecular imaging tool [29].
2.3.1 Theory
In MM-OCT, contrast is produced by the motive response of magnetic particles to an ex-
ternal field and the resulting changes to the optical scattering. The translational force F
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induced by the external magnetic field B can be express as
F =
V (χm − χ0)∇ |B|2
2µ0
(2.7)
where V is the particle volume, µ0 is the permeability constant, and χm and χ0 are the mag-
netic susceptibilities of the particle and the medium, respectively. For tissue, the magnetic
susceptibilities are very small (e.g. χ ∼ 10−5) [30], so contrast agents such as magnetite
(Fe3O4, χ ∼ 1) may be imaged with a large dynamic range using an external magnetic field.
A torque is also produced due to the remanent magnetization M of the particle. Because the
particles used are often on the nanoscale, they cannot be resolved individually, but rather
detected by their aggregate response. The magnetic particles are rotated and translated by
these interactions, which results in a change in optical scattering depicted as an amplitude
or phase change in the OCT interferogram.
The MM-OCT signal can be defined as Smm, which is in decibels, for sensing the presence
of magnetomotion [5]
Smm = 10 log
[〈(aon(t+ 24t)− aoff (t+∇t))2〉+ δ2
〈(aoff (t+4t)− aoff (t))2〉+ δ2
]
≈ 10 log
[ 4a2mm
Daoff (4t) + 1
]
(2.8)
where a is the magnitude of the complex analytic signal derived via the Hilbert transform of
the OCT interferogram, the subscripts “on” and “off” indicate the state of the magnetic field,
and 4t is the time delay between measurements. The structure function Daoff is a measure
of the intrinsic background fluctuations [17]. The term 4amm is the contribution of the
induced magnetomotion to the OCT magnitude a. The driving magnetic field is modulated
by a computer-controlled power supply. The current in the electromagnet is switched during
acquisition of the axial scan lines such that aoff (t), aoff (t + 4t), and aon(t + 24t) can
be acquired successively at each lateral position. The timing is adjusted such that the coil
switching occurred in the rest periods between line acquisition, allowing sufficient buffer time
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(>1 ms) for the particles to complete movement. The voltage used to drive the electromagnet
has the following sinusoidal waveform V (t) [28]:
V (t) = V0
√
sin(2pifBt) + 1
2
(2.9)
where fB is the modulation frequency, V0 is the peak voltage, and B(t) is linear proportional
to V (t). Figure 2.5 shows some MM-OCT images along with the OCT images of the same
imaging area in rat tumor tissues.
Figure 2.5: MM-OCT and OCT images. (a) MM-OCT signal (green) is superposed on
the OCT signal (red). (b) Structural OCT images. The figure shows tumor from a tar-
geted MNP-injected rat (left column), tumor from a non-targeted MNP-injected rat (middle
column), and tumor from a saline-injected rat (right column). Adapted from [29].
2.3.2 Magnetomotive Contrast for OCT
Molecular and cellular level imaging is an active area in biomedical imaging because the
early detection and diagnosis of disease needs imaging systems capable of resolving features
at the cellular and molecular level so prognostic markers and therapeutic targets can be
obtained.
There has been increasing interest in the development of molecular imaging techniques
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by novel design and application of contrast agents since they can be used as molecularly-
specific markers. Fluorescent stains have been used in microscopy and histopathology where
the emission of a fluorescent signal is detected. Fluorescent stains can not be used in OCT
because the inelastically scattered light emitted from fluorophores is not coherent with re-
spect to the incident field, that is, OCT can only detect elastically-scattered (coherent)
light. Currently, elastic scattering mechanisms such as coherent anti-Stokes Raman scatter-
ing (CARS) [31, 32] and second harmonic generation (SHG) [33] are being used as sources
of endogenous tissue contrast where interferometry is used for depth-resolved imaging. A
large number of synergistic contrast agents have been developed for molecular contrast in
OCT, such as plasmon-resonant nanoparticles [34, 35], near-infrared absorbing dyes [36, 37],
engineered microspheres [38, 39] and magnetomotive agents [5, 6].
Magnetic nanoparticles (MNP) used in this MM-OCT system are approximately 20–
30 nm in diameter, composed of pure magnetite without surface coating, or composed of a
combination magnetite/maghemite core and a polymer coating with a hydrophilic, COOH-
terminated outer surface (Fig. 2.6). Magnetic nanoparticles have been used in other ap-
Figure 2.6: Transmission electron micrographs of MNPs. (a) 20–30 nm bare MNPs. (b)
20 nm COOH-terminated MNPs. Adapted from [28].
plications such as magnetomotive ultrasound [40]. Also, targeted contrast agents are of
great interest recently since they can label the cells or molecules involved in diseases such
as atherosclerosis [41, 42].
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2.3.3 MM-OCT Experimental Setup
Figure 2.7: Diagram of the MM-OCT system.
The MM-OCT system (Fig. 2.7) used in this research is based on a SD-OCT system with
a Ti:Al2O3 femtosecond laser (KMLabs, Inc.) producing 800 nm light with a bandwidth of
120 nm. The axial resolution was∼3 µm. The femtosecond laser was pumped by a frequency-
doubled Nd:YVO4 laser (Coherent, Inc.) with 4.5 W of 532 nm light. A single-mode fiber
interferometer was used to split the light into a sample arm beam and a reference arm beam.
The sample arm beam with a power of 10 mW was steered using galvanometer-mounted
mirrors placed one focal length above a 30 mm achromatic imaging lens. The resulting
transverse resolution was ∼12 µm.
A water-cooled electromagnet was used to achieve a magnetic field of ∼0.08 T and a
gradient of ∼15 T/m within the imaging volume in the sample. The light beam on the
specimen was scanned through the central bore of the solenoid. Interference between the
reference and sample beams is measured with a custom-designed spectrometer composed of
a grating, imaging lens, and line camera. The optical imaging depth was 2 mm and line
acquisition rate was up to 33 kHz. The magnetic modulation frequency fB was usually
chosen to be 55.6 Hz for tumor tissues and 100 Hz for tissue phantoms, based on the best
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response (highest maximum amplitude of the displacement of MNPs) achieved from these
samples [28].
B-mode scans were performed over 2.5 mm with a scan velocity of 0.625 mm/s. Each
frame took 4 seconds to acquire, consisting of 4000 pixels width by 1024 pixels depth. The
total acquisition time per MM-OCT image was 8 seconds since each image was acquired
twice, once with the magnetic field modulated and once with the field off.
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Chapter 3
Simulations for Magnetomotive
Catheter
To offer a small localized modulated magnetic field and gradient to perform MM-OCT imag-
ing at intravascular locations, the design of the magnetomotive catheter must be engineered
to meet several specific requirements such as catheter size, wire gauge, and heat generation.
Figure 3.1: The general design procedure of the magnetomotive catheter.
Figure 3.1 shows the general procedure of the magnetomotive catheter design. In the
process of the magnetomotive catheter design, it is very important to be able to model the
magnetic field generated by the magnetomotive catheter given the physical parameters and
size constraints. The proper simulation result provided the optimal physical parameters of
the catheter.
17
3.1 Design Requirement
The primary requirement of the magnetomotive catheter is to offer expected magnetic field
lines, field gradients, and strengths at the location of the optical focus of the OCT catheter.
Figure 3.2: Schematic of a magnetomotive catheter.
Figure 3.2 shows the schematic of the distal end of a proposed magnetomotive catheter.
There have been several magnetic catheter designs published which are mostly used for
catheter tip steering in MRI [43, 44]. Those catheters have sizes similar to an OCT catheter,
and which have a distal end with an overall size of ∼500 µm (Fig. 3.3). Previous magnetic
catheter designs demonstrate that it is possible to make a coil on the distal end with diameter
of ∼1.3 mm, and be capable of generating a local magnetic field on the order of 150 Gauss.
Although it is the field gradient instead of the field itself which would drive the mag-
netomotive motion of the nanoparticles (Equ. (2.7)), there is a lower threshold of the field
strength for the MM-OCT signal to be detected. This threshold was investigated by using
silicon gel phantoms with different nanoparticles concentrations. The silicon phantoms have
comparable optical and mechanic properties to tissue. A silicon solution was prepared con-
sisting of 90.4% pure polydimethylsiloxane (PDMS) fluid (50 cSt viscosity, ClearCo, Inc.),
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Figure 3.3: Passive magnetic catheter. Adapted from [44].
8.8% specialty PDMS and 0.8% PDMS curing agent (General Electric RTV-615A and B,
respectively, Circuit Specialists, Inc.). TiO2 microarticles (Sigma-Aldrich, #224227, mean
size 1 µm, <5 µm) at a concentration of 4.1 mg/g were added to the silicone mixture to
approximate the optical response of tissue as imaged with OCT. Experiment showed that
for a phantom with 100 ppm concentration of iron-oxide MNPs, the lowest field strength
required to detect any magnetomotive signal is around ∼90 Gauss, using the MM-OCT
system described in Section 2.3.
To make the overall diameter of the catheter distal end small enough, 40 or 44 gauge
wire was used, which has a wire diameter of 80 and 56 µm, respectively. With the small
wire gauges, the current carried on these wires should be limited below ∼200 mA accord-
ing to manufacturer’s specifications (MWS Wire Industries, Westlake, CA). Higher current
would destroy the wire, and more importantly, higher current would generate higher heat
dissipation requirements, which is unwanted.
Another issue to consider in the coil design is the way the coil is constructed. For example,
one can achieve the same magnetic field strength with a greater number of turns in the coil.
Different field lines and gradient distributions can also be produced by wrapping the coils
on different angles. For example, in [45], three different coils were combined to provide
an enhanced field and gradient (Fig. 3.4). Without actually wrapping different coils, one
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can conveniently simulate the field with different design parameters defined in a simulation
software package (see next section).
Figure 3.4: Scheme of hybrid coils. Adapted from [45].
The current applied on the coil will generate heat. Since the MM-catheter is to be used
in endoscopic imaging, the heat dissipation could become a serious problem. From [43], the
rate of temperature rise will be as following:
dT
dt
=
i2R
Cv · V =
0.22 · 3.2
4.1 · 0.00515 =
6◦
second
. (3.1)
Equation (3.1) is for a 40 gauge wire at 200 mA, where the volume of a meter length of
40 gauge wire is 5.15 mm3 and the resistance is 3.2 Ω. After taking into account other
factors that will reduce the actual rate of temperature rise, such as the wall of the catheter,
one can estimate the rate of temperature rise as 1◦/sec. To be safely used in intravascular
and intra-luminal applications, the heat generation of the coil must be carefully considered
in the design.
In summary, there are several parameters which have to be considered in the design
process because of the unique application of the proposed magnetomotive catheter. The goal
is to build a coil which is small, and one through which a very low current is passed. However,
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the coil must generate a strong enough local magnetic field to drive the nanoparticles in the
sample. A powerful simulation software package will simplify the design process by providing
the optimal prediction of the design parameters.
3.2 Simulation Environment
COMSOL Multiphysics (COMSOL, Burlington, MA), a powerful interactive environment
for modeling based on partial differential equations (PDEs), was used to simulate the mag-
netic field around the MM-catheter. COMSOL provides a graphical user interface including
functions for CAD modeling and import of CAD data. This unique module provides great
flexibility to create geometry modeling in 1D, 2D and 3D, as needed (Fig. 3.5).
Figure 3.5: CAD drawing for coils in 2D and 3D. (a) 2D geometry for a coil (units of axes:
mm×mm). (b) 3D geometry for a coil.
With COMSOL, it is possible to easily extend conventional models for one single type
of physics into multiphysics models that solve coupled physics phenomena simultaneously.
For instance, it is possible to model the heat dissipation around the coil while modeling the
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magnetic field generated by the coil. COMSOL does not require an in-depth knowledge of
mathematics or physics. The built-in physics modes provide the possibility to build models
by defining the relevant physical quantities - such as material properties, sources, fluxes, and
constraints - rather than by defining the underlying equations. For instance, one can define
the material of the coil wire as copper, and then define the boundaries, edges, and individual
points correspondingly. COMSOL then internally compiles a set of PDEs representing the
entire model.
With COMSOL models and solutions, one can perform extensive postprocessing on the
computed output in order to arrive at useful engineering parameters such as magnetic field,
field gradient, and temperature. With postprocessing, one can visualize different param-
eters, and visualize one physical parameter in different ways. Figure 3.6 shows different
visualizations of the magnetic field around an 11-turn coil.
In this research, the “Azimuthal Induction Currents, Vector Potential Application Mode”
was used because of the axially symmetric structures in the coil and catheter. The PDE
formulation used in this mode is as following. (Please see the list of symbols for their physical
meanings.)
σ
∂A
∂t
+∇× (µ−1o ∇×A−M)− σv × (∇×A) + σ∇V = J e. (3.2)
Equation (3.2) can be derived as follows: Maxwell’s equations can be written in the following
manner with the assumption that ∂D/∂t = 0.
∇×H = J = σ(E + v ×B) + J e (3.3)
∇×E = −∂B
∂t
(3.4)
∇ ·B = 0 (3.5)
∇ ·D = ρ (3.6)
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Figure 3.6: Visualization in COMSOL. (a) Surface plot of magnetic field density. (b) 3D
plot of magnetic field density. (c) Contour plot of magnetic field density. (d) Magnetic field
lines. The right half of a coil is displayed because of the symmetrical structure of the coil.
The left edge of each figure is the axis of the coil. Dimension of simulation region: 8 ×
4 mm. The diameter of the wire of the coil is 0.2 mm and the outer diameter of the coil is
1.2 mm.
23
∇ · J = 0 (3.7)
From the definition of the potentials,
B = ∇×A (3.8)
E = −∇V − ∂A
∂t
(3.9)
and the constitutive relation B = µ0(H + M ), or Ampe´re’s law, can be written as Equa-
tion (3.2). With this PDE, one only needs to define some other relations on the boundaries
and provide values to some parameters as initial conditions before a solution for the model
can be calculated. A more detailed analysis of this mode can be found in [46].
In summary, the general process of modeling in COMSOL includes CAD modeling, def-
inition of material properties and equations, mesh generation, solving the problem, visual-
ization, and postprocessing. The simulation results will be shown in the next section.
3.3 Results
In these simulations, the initial model was a three-turn coil in air. The number of turns
was then increased to 11 turns. Two layers of coils and coils with ferrite cores were also
simulated to investigate the magnetic field in different environments and setups.
The first simulation was a simple case: three turns of coil in air (vacuum). The parameters
in the model are listed in Table 3.1.
The simulation result could be visualized in Figure 3.7. It was clearly demonstrated
that the magnetic field lines in the simulation are consistent with the expected theoretical
field lines distribution. The reason that the field lines bend at the boundaries is due to
the definition that there is no magnetic field on and beyond the boundaries, which is not a
serious problem for this model since the primary interest is with the field and gradient near
the vicinity of the coils.
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Table 3.1: Simulation setup for three turns model.
Simulation Setting Value
Number of coils 3
Radius of wire 0.1 mm (∼30 AWG)
Radius of coil 0.5 mm
Wire material copper
Resistivity 0.5383 Ω/m
Medium vacuum
Figure 3.7: Simulation of a three-turn coil in air. Dimension of simulation region: 5 × 5 mm.
Other parameters can be found in Table 3.1
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After having an intuitive observation of the simple three-turn model, one can easily
modify the model and investigate more parameters in details. First the number of turns was
extended to 11 and all other settings are left unchanged. The simulation result is shown in
Figure 3.8. The density of field lines represents the field strength: the denser the field lines
are, the stronger the field is. The field gradient is maximized in the direction from the point
of the most dense field lines to the point of the most sparse field lines.
Figure 3.8: Field lines around an 11-turn coil. Dimension of simulation region: 8 × 4 mm.
To compare two models in detail, several postprocessing steps can be performed for
quantitative analysis. For instance, another model was generated with 21 turns of coil and
compared with the 11-turn coil model to see if one could get a higher field by increasing the
number of turns. Figure 3.9 is the comparison of visualization of field of the two models.
In Figure 3.9, the false color represents the strength of field. It appears there is not much
field difference outside the coil between the two models. The magnetic flux density on the
axial and lateral directions can be compared quantitatively. As shown in Figure 3.10, one
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Figure 3.9: Two models with different number of turns. (a) 11 turns. (b) 21 turns. The
figure shows the surface plot of the magnetic field density. Dimension of simulation region:
8 × 4 mm.
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Figure 3.10: Magnetic flux density distribution for single layer coils. (a) The arrow shows
the start point and direction that is plotted for the magnetic flux density. (b) B (in Tesla)
vs. r of the 11-turn coil. (c) B vs. r of the 21-turn coil, where r is the lateral distance from
the axis of the coils.
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can find that the magnetic field strength has rapid drop-off outside the coils. The conclusion
is that there is only a slight difference of field density inside coils between the two models
and the difference is negligible outside the coils. If the number of turns is increased even
higher, there will be no significance difference as the 11- and 21-turn coils. A possible
explanation is that when the field of a coil is observed, one is only looking at the turns close
to the point being observed. It is as if one is looking at a coil with an infinite number of
turns, and the turns located far away from the observation point will not affect the field
locally. Also, if one compares the axial component (Bz) and lateral component (Br) of the
magnetic field, one can find that the axial component is the dominant component of the
field (Fig. 3.11). The simulation results demonstrated that one can not enhance the field
strength by just increasing the number of turns of the coil, which has also well established
by electromagnetic theory and experiment.
Figure 3.11: Axial component and lateral component. (a) Bz vs. r. (b) Br vs. r, where r is
the lateral distance from the axis of coil.
The next model was a multi-layer coil. With COMSOL, one can easily add a second layer
to the existing 11-turn single-layer coil and keep all other conditions the same (Fig. 3.12).
From Figure 3.12, one can see that the field of the double-layer coil concentrates the field
near its vicinity. The simulation result suggested that the double-layer coil enhances the
magnetic field by a factor of ∼2 (Fig. 3.13).
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Figure 3.12: Double-layer coil simulation. (a) Surface plot of the field flux density. (b) Field
lines.
Figure 3.13: Field strengths of double-layer and single layer coils. (a) Double-layer coil with
11 turns per layer. (b) Single layer 11-turn coil. Field strengths are plotted starting from
the outer edge of the coils.
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The heating due to the resistivity of wire can be estimated as well. As shown in Fig-
ure 3.14, the heating drops sharply in between the two layers of wire. This is because that
there is no electrical current passing through between the two layers.
Figure 3.14: Simulated resistive heating. The figure shows the resistive heating change from
the inner edge of the coil to the outer edge of the coil.
During the construction of the actual coils (please see Chapter 4 for details), it was
difficult to obtain a sufficiently high field strength and gradient with either a single or
double layer coil. With a greater number of layers (e.g. eight), it is possible to achieve the
necessary field strength (∼90 Gauss), but such a coil will have a relatively large diameter
(∼8 mm) which is too large for our application. Another approach to enhance the field is to
use a ferrite core or ferrite foil inside the coil (Fig. 3.15).
From electromagnetic theory
B = µ
NI
h
= µ0µr
NI
h
, (3.10)
where N is the number of turns, I is the current, µ0 is the permeability of a vacuum and µr
is the relative permeability of the ferrite core. One can simulate in COMSOL to determine
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Figure 3.15: Simulation-generated models of coils without and with a ferrite core.
if the ferrite core will provide a higher field around the coil as Equation (3.10) suggests. The
parameters of the coil model with ferrite core are listed in Table 3.2.
Table 3.2: Simulation setup for a coil model with ferrite core.
Simulation Setting Value
Number of coils 11
Radius of wire 0.1 mm (∼30 AWG)
Radius of coil 0.5 mm
Wire material copper
Resistivity 0.5383 Ω/m
Medium vacuum
µr of ferrite core 5000
The simulation results showed that with a core of high relative permeability, one may
obtain a significantly stronger magnetic field around the coil, roughly a factor of 6 stronger
(Fig. 3.16).
In conclusion, COMSOL was used to generate computer modeling simulations to engineer
the design of the MM-OCT catheter coil. The focus of the simulation was on the modeling
of the coil around the distal end of catheter. The model can be developed by defining
the geometry, material, and boundary conditions, and it enables one to visualize the field
around the coil in different ways. Moreover, from the modeling solution, different physical
quantities can be investigated quantitatively. A coil that can provide a sufficiently high
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magnetic field strength (∼90 Gauss) and gradient at the optical focus of a standard OCT
catheter is needed. Also, other parameters such as the size (as small as possible), electrical
current (<200 mA), and heat generation (as low as possible) of the coil must be optimized
because of the goal of endoscopic MM-OCT imaging of the proposed catheter. Based on the
simulations, one can anticipate that the desired coil may be constructed by using multi-layer
wire or by using ferrite core inside the coil. The experimental results (see later chapters)
validated that these simulations are consistent with measured parameters.
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Figure 3.16: Simulation of a coil with a ferrite core. (a) Magnetic field lines of an 11-turn
coil with core. (b) B vs. r of an 11-turn coil with core. (c) B vs. r of an 11-turn coil without
core, where r is the lateral distance from the axis of the coils. Dimension of simulation
region: 8 × 4 mm.
34
Chapter 4
Magnetomotive Catheter
4.1 Experiment Design
In the design and development of the magnetomotive catheter, the intent is to wrap the coil
on the distal end of a standard OCT catheter. The OCT catheter has a overall length of 2 m
and a distal end with a diameter of ∼400 µm, making the catheter extremely fragile. Instead
of wrapping a coil directly on to an OCT catheter, initial coils were wrapped on plastic tubing
with a similar diameter as the OCT catheter. The magnetic field was measured using a Hall
probe (Three Axis Magnetic Field Transducer 3M12-2-2-0.2T, SENTRON, Baarerstrasses,
ZUG, Switzerland). The coils were also tested with the current MM-OCT system on samples
with embedded nanoparticles.
Copper wire was used to wrap the coils. Due to the required small diameter of the coil,
40 and 44 AWG wires (MWS, WestLake, CA) were used. A larger 30 AWG wire was also
used to build test coils. The corresponding diameters and resistivities are listed in Table 4.1.
Table 4.1: Wire property chart.
AWG Diameter (mm) Resistance (Ω/1000 ft. at 20◦)
30 0.2540 103.7
40 0.0787 1079.0
44 0.0508 2593.0
A Hall probe was used to measure the magnetic field (Fig. 4.1(a)). The Hall probe has
a three-axis, 1% accuracy magnetic field-to-voltage transducer with an analog output for
35
each of the three components of the measured magnetic field (Fig. 4.1(b)). The Hall probe
has a field sensitive volume (FSV) of 0.25×0.20×0.25 mm3, and an output noise of around
0.2 Gauss. While there are other methods to measure weaker fields with higher accuracy
[47, 48], the 0.2 Gauss accuracy was sufficient for these studies since the desired field strength
is around ∼90 Gauss. With the Hall probe one can measure the field point-by-point so the
Figure 4.1: Photograph of Hall probe adjacent to a coil. (a) Hall probe. (b) Axes of the
probe.
1-D and 2-D field distributions can be mapped. Figure 4.2 shows the 1-D and 2-D field
distribution maps measured from an electromagnet in the MM-OCT system. The MM-OCT
electromagnet, instead of the coils built on tubing, was measured here because the field
generated by the coil with tubing was a local field which was difficult to map using the Hall
probe.
4.2 Construction
As shown in Chapter 3, the magnetomotive catheter consists of a standard OCT catheter
and a small solenoid coil wrapped around the distal end of the catheter. In this work, a
commercial OCT catheter developed by LightLab, Inc. (ImageWire, LightLab, Boston, MA)
was used. This catheter has a working distance of 1.1±0.4 mm (in saline), and a focal length
of 2.8±0.8 mm (in saline). The spot size (or transverse resolution) is 2–3 µm. The catheter
is designed to scan the optical beam in a circumferential pattern to perform cross-sectional
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Figure 4.2: Field map of MM-OCT system coil measured with Hall probe.
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imaging through an artery. For typical OCT catheters, the distal end consists of a gradient-
index (GRIN) lens which is attached to the single-mode fiber (SMF). A right angle prism is
mounted at the end of the GRIN lens to direct the optical beam to the transverse direction,
and a transparent outer sheath is designed to protect the fiber and optics (Fig. 4.3). During
Figure 4.3: Distal end of the OCT catheter.
imaging, the catheter is inserted into the artery or other internal tissue channel, and the
shaft of the catheter and the distal optics are rotated to scan the beam perpendicular to
the long axis of the catheter. The rotation is driven at the proximal end (Fig. 4.4). The
proximal end includes an FC-APC optical connector, which can rotate the catheter while
delivering the optical beam to the distal end, with tolerable loss.
Figure 4.4: Proximal end of the OCT catheter. Adapted from [49].
The catheter is flexible and of small diameter (<∼1 mm) to allow for application for
internal tissue channels. During the development of this MM-catheter, plastic tubing, instead
of the OCT catheter, was used to construct test coils. The plastic tubing was of similar
diameter to the OCT catheter to approximate the performance of the coils. Figure 4.5
shows various tubing and coils that were wrapped on the tubing.
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Figure 4.5: Experimental coils wrapped on tubing.
4.3 Results and Measurements
The first coil was built with 30 AWG wire and was wrapped onto tubing with a diameter
of 3.15 mm. The coil has about 50 turns and the length is 2 cm. The resistance was only
0.3 Ω so only a 0.2 V voltage was applied. The magnetic field was too weak to be detected
by the Hall probe.
Only a low power could be applied to the first coil since the resistance was very low.
Therefore, a smaller gauge wire was then used to wrap a coil. Multi-layer coils were also
produced. Table 4.2 shows the parameters of second coil that was constructed.
This multi-layer coil was tested in the MM-OCT system on silicon gel phantoms with
magnetic nanoparticles and microspheres (Fig. 4.6), and no MM-OCT signal was detected.
This was expected because the field strength (and the gradient) were too low to drive the
contrast agent particles, which based on experimental MM-OCT data, require a field strength
of ∼90 Gauss. From Equation (3.10) it was shown that a ferrite core may enhance the field
around the coil. Ferrite foil can also be used to obtain a higher field strength in many
applications [50]. Ferrite cores are made from Fe, Mn and Zn, and most of them have high
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Table 4.2: Second coil parameters.
Coil parameters Value
Wire gauge 44 AWG
Tubing size 3 mm
Number of layers multiple
Number of turns ∼500
Resistance 50 Ω
Voltage applied 5 V
Current ∼100 mA
Power 0.5 Watts
Maximum field detected ∼2 Gauss
Figure 4.6: Coil test in the MM-OCT system. (a) Nanoparticle-based sample. (b)
Microsphere-based sample.
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Figure 4.7: Permeability of ferrite core. Adapted from [51].
relative permeability (Fig. 4.7).
Toroid-shaped ferrite cores were used to enhance the field strength. The inner diameter
of the cores were chosen so that they could fit over the tubing. Figure 4.8 shows a coil
constructed with stacked ferrite cores.
Figure 4.8: Coil with ferrite cores.
The tubing passed through five ferrite cores and heat shrink tubing was used to keep the
cores in position. The relative permeability of the cores is 10000 [51]. The outer diameter
of the ferrite cores was 3.94 mm and the overall length of the five stacked ferrite cores was
12.5 mm. An additional coil with all identical parameters but without the ferrite cores was
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Table 4.3: Comparison between coils with and without ferrite cores.
Parameters Coil with cores Coil without cores
Wire gauge 30 30
Coil 40 turns × 2 layers 40 turns × 2 layers
Resistance 0.4 Ω 0.4 Ω
Applied Voltage 1.2 V 1.2 V
Current 3 A 3 A
Power 3.6 Watts 3.6 Watts
Overall diameter ∼4 mm ∼4 mm
Axial field close to the end ∼100 Gauss ∼10 Gauss
Lateral field close to the end ∼50 Gauss ∼10 Gauss
constructed and compared with this coil, as shown in Table 4.3. From the table one can
see the field around the coil with ferrite cores was enhanced by a factor of 10 in the axial
direction and by a factor of 5 in the lateral direction. The result is also consistent with the
previous simulation results.
A new coil was then constructed using ferrite cores (Fig. 4.9). The properties of this coil
are listed in Table 4.4.
Figure 4.9: A new coil built with ferrite cores.
This new coil was tested on the MM-OCT system. A silicon gel phantom with magnetic
nanoparticles of 100 ppm concentration was used in this experiment. A geometry was used
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Table 4.4: Parameters of third coil with ferrite cores.
Coil parameters Value
Wire gauge 40 AWG
Tubing size 2.667 mm
Number of layers multiple
Number of turns ∼1000
Overall size of the coil ∼8 mm
Resistance 100 Ω
Voltage applied 10 V
Current ∼100 mA
Power 1 Watt
Maximum field detected ∼150 gauss
Diameter of ferrite cores 5.84 mm
Relative permeability of cores 10000
that is similar to an OCT catheter (Fig. 4.10).
The OCT and MM-OCT images of the phantom are shown in Figure 4.11. The magne-
tomotive signal (green) is clearly shown in the image. From Figure 4.11 one can see that
with a similar geometry as with OCT catheter imaging, and with a field strength at about
150 Gauss along the axial direction and at the end of the coil, the magnetomotive signal can
be detected.
The distance between the axis of the coil and the scanned optical beam was adjusted step-
by-step and MM-OCT images were taken sequentially. The result is shown in Figure 4.12.
From Figure 4.12 one can observe that the MM-OCT signal does not simply decrease as
the distance between the coil and beam increases. This is because the magnitude of the
MM-OCT signal is strongly correlated to the gradient of the field ∇ |B|2 instead of the
field strength B itself. It was also observed that beyond ∼8 mm, the MM-OCT signal will
disappear due to dissapation of the localized magnetic field.
MM-OCT imaging was successfully performed with the coil with ferrite cores, and the
overall size of the coil was about 8 mm in diameter, which is much smaller than the size of
the electromagnet in the regular MM-OCT system (18 mm). It is possible to insert this coil
into some internal channels, but it is still too large for most intravascular applications. The
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Figure 4.10: Schematic of MM-OCT investigation of coils.
Table 4.5: Parameters of third coil with ferrite powder.
Coil parameters Value
Wire gauge 40 AWG
Tubing size 1.7 mm
Number of layers multiple
Number of turns ∼1200
Overall size of the coil ∼3 mm
Resistance 100 Ω
Voltage applied 10 V
Current ∼100 mA
Power 1 Watt
Maximum field detected ∼50 gauss
ferrite cores themselves are several millimeters in diameter, which is a significant contribution
to the overall diameter of the coils.
An alternative method is to use ferrite powder instead of ferrite cores. Ferrite powder
can be painted onto the tubing to reduce the overall size of the coils. Figure 4.13 shows
the ferrite powder that was used and a tubing with ferrite powder painted on its surface. A
new coil was constructed with this tubing, and the overall size of the new coil was about 3
mm. The resistance of the coil was about 100 Ω. Other parameters of this coil are listed in
Table 4.5.
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Figure 4.11: MM-OCT investigation of a coil. (a) OCT image with the field off. (b) MM-
OCT image with the field on. See Chapter 2 for the modulation frequency.
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Figure 4.12: MM-OCT imaging at different points. (a) d = 1 mm, Smm = 6.3 dB. (b) d =
2 mm, Smm = 7.4 dB. (c) d = 4 mm, Smm = 8.2 dB. (d) d = 5 mm, Smm = 6.8 dB. (e) d =
8 mm, no signal. (f) The schematic of the imaging positions.
Figure 4.13: Ferrite powder to improve coil field strength. (a) Ferrite powder. (b) Tubing
painted with ferrite powder.
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The new coil was tested in the MM-OCT setup on a silicon gel phantom with magnetic
nanoparticles of 100 ppm concentration, similar to the phantom used before. The MM-OCT
images are shown in Figure 4.14. From Figure 4.14 a few effects can be noted. First, the
Figure 4.14: MM-OCT imaging with ferrite powder coil. (a), (b) and (c) are MM-OCT
images acquired at different relative positions along the coil. (d) Shows the approximate
position of the imaged locations.
magnetomotive signal changes abruptly with different relative positions of the optical beam
and the coil. This effect is probably due to the non-uniformity of the ferrite powder paint.
Second, the field strength of the coil was measured with the Hall probe using DC current
and voltage. The maximum field strength measured was only about 50 Gauss, which was
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less than the 90 Gauss that was the expected minimum. Still, a MM-OCT signal can be
detected with this coil. This is because in the MM-OCT experiment, a sinusoidal AC current
is applied to modulate the field of the coil which enhances the field gradient.
Regarding heat dissipation, no appreciable heating was noted since only about 1 Watt
was applied to the coils for about 6 seconds every time and there were about 1 minute in
between the scans when the field was off. Therefore, it is expected that the temperature
built-up on the coils would not exceed a safe limit [52, 53], but further investigation is needed.
From the results shown in this chapter, it was demonstrated that MM-OCT signals could
be detected with these new coils. Several methods can be used to enhance the localized
magnetic field and gradient around the coil. One can construct multi-layer coils instead of
single-layer coils. Ferrite cores can be used to enhance the field and reduce the number of
turns of wire required. Ferrite powder is an alternative to ferrite cores so that the overall
size of the coils can be reduced further. The magnetic fields of different coils, as measured
with the Hall probe, match the simulation results well.
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Chapter 5
Future Directions and Conclusions
With coils as small as ∼3 mm in diameter that can be used to generate MM-OCT signals,
it is possible to implement these with a catheter-based OCT system. The next steps for
future system implementation and other issues are discussed, followed by the conclusion of
this work.
5.1 Proposed System Implementation
The catheter described for this work is designed for use with a 1300 nm wavelength source.
Instead of the lab-based MM-OCT system, a portable OCT system for clinical intraoperative
studies could be used with the MM-catheter. This system uses a broadband SLD (1300 nm
with bandwidth of 105 nm) with SD-OCT detection. A 1024 element InGaAs line array
(Sensors Unlimited) with up to 8 kHz line rate is used. This system also has 2D Interfer-
ometric Synthetic Aperture Microscopy (ISAM) [18] algorithms implemented. Figure 5.1
shows the general layout of the catheter with the clinical OCT system.
A VDL (manually variable fiber optic delay line, F-VDL-2-3-FP-S, Newport, Inc.) is
incorporated in the reference arm to match the optical path length. The catheter is con-
nected to the interferometer using a fiber optic rotary joint (FORJ, MJXA-131-28M-0015-
010-SAFA, Princetel, Inc.), which allows the catheter core to be rotated freely. The FORJ
allows uninterrupted transmission of an optical signal while rotating along the fiber axis
(Fig. 5.2). The FORJ is preferred in this design because it has a much higher return loss
(>50 dB) compared with the coupler used previously [4].
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Figure 5.1: Layout of OCT system with catheter. FORJ: Fiber Optic Rotary Joint. VDL:
Variable Delay Line.
Figure 5.2: Fiber Optic Rotary Joint. The rotary end is connected to the catheter and the
stationary end is connected to the OCT system. Adapted from [54]
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For testing, a rotary motor (3564K024BC, Faulhaber, Inc.) is used to drive the rotation
using a belt. An 1-D translation stage (UTS100pp, Newport, Inc.) could be used to perform
linear scanning. Instead of pulling back the catheter, the sample (phantom or tissue) could
be moved. Since the coil is constructed on the distal end of the catheter, it is better to
keep the catheter in position so the relative position of the coil and optical beam would not
change. Since the catheter is fragile, instead of wrapping the coil directly on the distal end,
it will be more practical to build the coil on some cylinder-shape sleeve and then insert the
sleeve onto the catheter tip.
Figure 5.3: Image display for circumferential scanning. The left column shows the images of
human skin displayed in Cartesian coordinates. The right column shows the images displayed
in a circumferential pattern on a polar coordinate system.
The OCT images acquired by the software in the portable OCT system are displayed
in Cartesian coordinates. To display the OCT image that is obtained by circumferentially
scanning the optical beam in the sample, one must map the image point-by-point from the
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Cartesian coordinate to the polar coordinate system. Figure 5.3 shows two examples of the
conversion. The Matlab code for this conversion is included in the Appendix.
5.2 Conclusion
In this thesis, a design of a magnetomotive catheter is proposed and simulation and experi-
mental results of various coils are demonstrated. The key part of this catheter is a small coil
that can generate a local field and gradient to drive the motion of magnetic nanoparticles.
The magnetic field corresponds to the power carried on the coil. To keep the diameter of the
coil small, one can only apply a low power to the coil. The simulations suggest that one can
enhance the field around the coil by wrapping multiple layers of wire or by using a ferrite
core inside the coil. Different coils were constructed on tubing with similar diameters as an
OCT catheter, and the resulting fields were measured using a Hall probe. The results shows
that the experimental parameters were consistent with the simulations. The coils were then
tested in an MM-OCT system and on nanoparticle-containing samples, and MM-OCT sig-
nals were detected. The smallest coil diameter that could generate visible MM-OCT signal
was a diameter of ∼3 mm. This coil was constructed with ferrite powder painted on the
tubing surface. Using ferrite powder with higher permeability and with finer painting, it
should be able to make the coil even more compact. The coil could then be implemented on
a standard OCT catheter to perform catheter-based MM-OCT imaging.
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Appendix
Matlab Code for Image Conversion
%load the image and convert it to double
I = imread(’finger2.tif’);
I = double(I(:,:,1));
figure, imagesc(I), colormap gray;
[nrow, ncol] = size(I);
anglediff = 2*pi/998;
%prepare matrices containing the polar coordinate data
rho = repmat([1:nrow]’, 1, ncol);
theta = repmat([0:anglediff:997/998*2*pi], nrow, 1);
%convert the polar coordinates to cartesian
[x, y] = pol2cart(theta, rho);
%use ffgrid to prepare the data
[zz, xx, yy] = ffgrid(x, y, I, 1, 1);
II = griddata(x, y, I, xx, yy’);
figure, imagesc(II), colormap gray;
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The functions used in the code are:
function [i, nnbins] = bin(x, dx, x0, x1);
%
% [i, nbins] = bin(x, dx, x0, x1);
%
% Returns the vector of indices, starting from 1,
% corresponding to the chosen bin size, dx,
% start x0 and end x1. If x1 is omitted, x1 = max(x) - dx/2.
% If x0 is omitted, x0 = min(x) + dx/2. If dx is omitted, the data
% are divided into 10 classes. Note that outliers are not removed.
N = 10; % Default is 10 classes
if nargin < 2
dx = (max(x) - min(x))/N;
end
if nargin < 3
x0 = min(x) + dx/2;
end
if nargin < 4
x1 = max(x) - dx/2;
end
nbins = round((x1 - x0)/dx) + 1;
i = round((x - x0)/dx) + 1;
%in = (i >= 1) & (i <= nbins); % Indices are within range [1, nbins].
%i = i(in);
54
if nargout > 1
nnbins = nbins;
end
function [zzgrid, xxvec, yyvec] = ffgrid(x, y, z, dx, dy, xyz0);
% [zgrid, xvec, yvec] = ffgrid(x, y, z, dx, dy, [x0 x1 y0 y1 z0 z1 n0]);
%
% Fast ’n’ Furious data gridding.
%
% Input: Unevenly spaced data in vectors x, y, and z of equal length.
% If dx and dy are omitted, the default is 75 bins in each direction.
%
% If dx or dy is negative, then the variable is taken as the number of
% bins rather than a grid resolution. If dx is complex, the imaginary
% part is taken as the value with which empty grid points are padded.
% The default padding is 10% below minimum value in grid.
%
% The vector containing the limits can be padded with NaNs if only
% certain limits are desired, e g if x1 and z0 are wanted:
%
% ffgrid(x, y, z, [.5 nan nan nan 45])
%
% The last parameter, n0, removes outliers from the data set by
% ignoring grid points with n0 or less observations. When n0 is
% negative it is treated as the percentage of the total number of
% data points.
%
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% Output: The gridded matrix ZGRID together with vectors XVEC and YVEC.
% If no output arguments are given, FFGRID will plot the gridded
% function with the prescribed axes using PCOLOR.
DX = -75; % default value
x = x(:);
y = y(:);
z = z(:);
xyz = NaN*ones(1,7);
if (nargin < 6)
xyz0 = min(x);
end
if (nargin == 4 & length(dx) > 1)
xyz0 = dx;
dx = DX;
end
if (nargin < 4)
dx = DX;
end
if (real(dx) == 0)
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dx = DX + dx;
end
pad = imag(dx);
dx = real(dx);
if (nargin == 5 & length(dy) > 1)
xyz0 = dy;
dy = dx;
end
if (nargin < 5)
dy = dx;
end
nxyz = length(xyz0);
xyz(1:nxyz) = xyz0;
if (isnan(xyz(7)))
xyz(7) = 0;
end
if (isnan(xyz(6)))
xyz(6) = max(z);
end
if (isnan(xyz(5)))
xyz(5) = min(z);
end
if (isnan(xyz(4)))
xyz(4) = max(y);
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end
if (isnan(xyz(3)))
xyz(3) = min(y);
end
if (isnan(xyz(2)))
xyz(2) = max(x);
end
if (isnan(xyz(1)))
xyz(1) = min(x);
end
x0 = xyz(1); x1 = xyz(2); y0 = xyz(3); y1 = xyz(4); z0 = xyz(5); z1 = xyz(6);
n0 = xyz(7);
if (dx < 0)
dx = (x1 - x0)/abs(dx);
end
if (dy < 0)
dy = (y1 - y0)/abs(dy);
end
ix = bin(x, dx, x0, x1);
iy = bin(y, dy, y0, y1); % bin data in (x,y)-space
xvec = x0:dx:x1;
yvec = y0:dy:y1;
nx = length(xvec);
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ny = length(yvec);
inx = (ix >= 1) & (ix <= nx);
iny = (iy >= 1) & (iy <= ny);
inz = (z >= z0) & (z <= z1);
in = (inx & iny & inz);
ix = ix(in); iy = iy(in); z = z(in);
N = length(ix); % how many datapoints are left now?
ngrid = zeros(nx, ny); % no of obs per grid cell
zgrid = ngrid; % z-coordinate
for i = 1:N
zgrid(ix(i), iy(i)) = zgrid(ix(i), iy(i)) + z(i);
ngrid(ix(i), iy(i)) = ngrid(ix(i), iy(i)) + 1;
end
% Remove outliers
if (n0 >= 0)
zgrid(ngrid <= n0) = 0;
ngrid(ngrid <= n0) = 0;
else
n0 = -n0;
zgrid(ngrid <= n0*N) = 0;
ngrid(ngrid <= n0*N) = 0;
end
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N = sum(sum(ngrid)); % how many datapoints are left now?
Nil = (ngrid == 0);
ngrid(Nil) = 1; % now we don’t divide by zero
zgrid = zgrid./ngrid; % Make average of values for each point
if (~pad)
zmax = max(max(zgrid(~Nil)));
zmin = min(min(zgrid(~Nil)));
pad = zmin - (zmax - zmin)/10; % Adjust padding value to values in grid
end
zgrid(Nil) = pad; % Empty grid points are set to default value
rho = nnz(~Nil)/length(Nil(:));
zgrid = zgrid’; % Get in shape
if (nargout == 0) % no output, then plot
pcolor(xvec, yvec, zgrid)
colorbar
colormap jet
xlabel(inputname(1))
ylabel(inputname(2))
zstr=inputname(3);
dum = size(zgrid’);
if (~isempty(zstr)) % all this vital information ...
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str = sprintf(’Color scale: %s, %d data points, grid: %dx%d, ...
density: %4.2f’, ...
inputname(3), N, dum(1)-1, dum(2)-1, rho);
title(str);
else
str = sprintf(’%d data points, grid: %dx%d, density: %4.2f’, ...
N, dum(1)-1, dum(2)-1, rho);
title(str);
end
end
if (nargout > 0)
zzgrid = zgrid;
end
if (nargout > 1)
xxvec = xvec;
yyvec = yvec;
end
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